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FHEFAGE 

About  four  years  ago  a  new  electrical  device,  the  transistor,  was  an- 
nounced. Since  this  aLnno'Jincenient ,  and  with  the  realization  of  its  poten- 
tial utility,  transistoi  developnental  activities  have  been  expanding  at 
an  extraordinary  rate.  V/hen  the  evolution  of  the  transistor  is  compared 
with  that  of  the  vacuum  tube,  we  can  see  that  the  developnent  of  the  transis- 
tor has  been  amazingly  fast.  This  does  not  mean  to  imply  that  transistors 
have  i-eached  the  same  stage  of  developnent  as  vacuum  tubes,  but  it  does  in- 
dicate thr  rate  of  development.  There  is  still  much  to  be  learnad  about 
transistors  and  their  circuit  applications. 

The  current  development  work  can  be  divided  into  two  interrelated 
fields.  One  is  a  study  to  improve  the  transistor  itself  and  the  means  of 
uniform  production;  while  the  other  is  the  study  of  its  circuit  applica- 
tion with  a  view  towards  circuit  optimization  and  improving  the  device 
characteristics  for  the  particular  application.  These  circuit  studies 
may  be  further  divided  into  two  categories.  The  first  is  the  application 
to  circuits  which  utilize  the  transistor  in  its  linear  range  of  operation, 
an  oxample  of  which  is  the  amplifier.  The  second  category  is  the  group 
of  circuits  which  utilize  the  non-linearities  of  the  trrjisistor,  examples 
of  which  are  the  oscillator  and  switching  circuit .  Thi.>  paper  is  a  small 
part  of  the  latter  category  of  circuit  application  studies. 

The  circuits  and  experimenx.al  transistor  characteristics  described 
herein  were  investigated  by  the  author  while  working  at  the  Hewlett-Pack- 
ard Company  of  Falo  Alto,  Californic.  It  is  a  part  of  an  investigation  of 
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the  application  of  transistors  to  Frequency  Meter  FR  65  under  the  U.  S. 
Army  Signal  Corps  Contract  Number  DA  36-039  SC~U2kB3,     The  author  vd.shes 
to  express  his  appreciation  to  Ki-,  Vfei.  Johnson,  Jr.  and  the  other  mem- 
bers of  the  research  staff  at  the  Hewlett-f'ackard  Company  with  whom  he 
consulted  for  their  advice  and  assistance. 

This  work  was  done  under  the  supervision  of  Associate  Professor  A. 
Sheingold,  whose  criticism  and  editorial  comment  is  gratefully  acknowledged. 
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CHAPTER  I 
INTRODUCTION 

1 .  Surnmary 

Many  of  today* s  transistor  circuit  studies  are  being  conducted  with 
tviio  objectives.  One  is  to  determine  the  circuits  which  will  operate  satis- 
factorily with  the  present  production  transistors  and  to  optimize  these 
circuits.  The  second  is  to  provide  information  for  the  transistor  designer 
so  that  a  more  satisfactory  group  of  transistor  specifications  and  ratings 
may  be  established.  With  a  view  toward  these  objectives,  several  non-linear 
circuits  will  be  presented  along  with  the  results  of  investigations  of 
some  of  these  circuits.  However,  before  these  circuits  can  be  described, 
a  general  theoretical  study  of  the  instability  requirements  of  transistor 
circuits  to  produce  either  sinusoidal  or  relaxation  type  oscillations  will 
be  necessary.  The  experimental  circuits  will  then  follow.  Finally,  ex- 
perimental data  on  the  characteristics  of  a  number  of  different  transis- 
tors will  be  discussed  along  with  an   indication  of  how  the  circuits  may 
be  optimized  and  additional  transistor  specifications  or  ratings  established, 

2.  Current  Status  of  Transistor  Circuits 

Today  transistors  are  being  produced  in  sufficient  quantities,  and 
with  sufficiently  uniform  small  signal  characteristics,  to  be  used  in  one 
full-scale  commercial  application.   However,  this  application  utilizes 

only  the  linear  range  of  operation.  Many  other  experimental  applications 

2  "^ 
have  been  announced,  '^  but  most  of  these  applications  are  not  yet  con- 
sidered practical  because  of  either  financial  or  technical  difficulties. 
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Some  of  the  technical  difficulties  restrict  the  transistor's  capabilities 
in  linear  operation.  These  incxude  the  availability  of  transistors  them- 
selves, poor  temperature  characteristics,  and  limited  frequency;  response. 
In  addition  to  these,  other  techjiical  difficulties  restrict  its  practical 
application  in  non-linear  circuits.  Non-linear  circuits  are,  in  general, 
more  complex  than  those  used  in  linear  operation,  and  an  additional  set 
of  transistor  parameters  are  needed  to  completely  define  its  operation. 
These  needs  are  not  yet  completely  Ixoi-m;  consequently,  the  transistor's 
specifications  are  not  complete.  Pulsed  currents  are  used  in  the  produc- 
tion process  to  "form"  point  contact  trails. istors  and  produce  the  desir-ed 
small  signal  characteristics.  However,  in  switching  circuits  pulse  cur- 
rents are  again  present,  and  in  some  cases  they  alter  the  transistor's 
characteristics.  To  date  maximum  pulse  current  specifications  have  not 
been  established. 
3.  Equivalent  Circuit  and  Parameters 

The  transistor,  as  a  circuit  element,  maj^  be  rr?lyzed  as  a  four  termi- 

4 
nal,  active  network.   When  this  is  done,  many  different  equivalent  circuits 

may  be  drawn.  The  one  selected  for  this  analysis  is  shown  in  Figure  1.  r^, 

r,  and  r  are  the  internal  resistances  of  the  emitter,  base,  and  collector 

respectively,  and  r  is  the  net  mutual  resistance  in  the  transistor,  Al~ 

though  these  parameters  are  non-linear,  the  usual  approximations  divide  its 

range  of  operation  into  three  linear  regions.   In  region  I  the  transistor 

is  said  to  be  cutoff,  i.e.,  it  is  not  active  and  both  r_  and  r^  are  high, 

e     c 

In  region  II  the  transistor  is  said  to  be  active.  In  region  III  the  transis- 
tor is  said  to  be  saturated,  io<^.,  it  is  not  active  and  both  r  and  r„  are 

'  '  e     c 
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low.  The  voltare  E  shovm  in  the  equivalent  circuit  is  due  to  the  fact 
that  there  is  a  finite  current,  I^q  in  the  collector  loop  when  i^  is  aero.-' 
In  the  first  approximation  and  in  the  analysis  to  follow  it  is  to  be  ne- 
rlected .   Another  pertinent  parameter  is  o<  ,  the  current  gain  of  the  transis- 
tor,  or  :r-r-  j     .  Table  I  rives  the  specification  values  of  these  parameters 

c 

for  the  A'estern  Electric  Type  169^  transistor  in  the  three  regions.  This 
transistor  type  was  used  in  all  of  the  experiments.  However,  the  theoreti- 
cal work  and  general  circuits  presented  will  apply  to  any  point  contact  tran- 
sistor.  For  the  open  circuit  condition  as  shown  in  Table  I,  c<  is  approxi- 
mately equal  to  r^/r  and  is  greater  than  unity  for  most  point  contact  type 
transistors. 
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CHAPTjiR  II 
STABILITY 

One  of  the  ruridaiiiental  differences  between  a  transistor  and  a  vacuxim 
tube  is  that  thei?»^  is  no  phase  reversal  through  the  transistor.  Conse- 
quentl;y,  positive  feeaback  is  possible  with  a  single  transistor  and  no 
phase  inverting  transformers.  The  addition  of  resistance  in  the  base  lead 
can  be  used  to  achieve  an  unstable  circuit.  As  will  be  shown  later,  the 
addition  of  this  resistance  has  some  undesirable  effects  upon  a  circuit 
which  is  to  operate  with  man;^  different  transistors.  Therefore,  it  is  de- 
sirable to  investigate  the  various  means  by  which  an  unstable  circuit  may 
be  achieved.  Both  sinusoidal  and  relaxation  tj'pes  of  oscillations  are  of 
interest. 

Any  complete  examination  of  the  conditions  for  oscillation  would  have 
to  include  the  non-linearities  of  the  device.  However,  as  a  starting  point, 
and  to  establish  a  criterion  for  the  conditions  of  oscillation,  the  cir- 
cuits may  first  be  examined  on  a  linear  basis. 
1,  General  Circuit 

Consider  the  three-loop  network  given  in  Figure  2.  The  external  im- 
pedances shown  may  be  reactive  or  resistive  while  the  internal  impedances 
of  the  transistor  will  be  considered  as  purely  resistive.  This  is  the 
equivalent  circuit  of  a  transistor  with  both  series  and  shunt  feedback, 
either  one  of  w^ich  can  produce  an  oscillatory  condition.  Also  included 
in  Figure  2  are  the   mesh  equations  and  the  system  determinant,  Equationl. 

The  regeneration  in  the  circuit  will  be  provided  by  series  feedback 
only  if  R£.  goes  to  infinity.  Equation  1  then  becomes: 
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To  obtain  an  essentially  shunt  feedback  circuit  arrangement,  let  Rt  be 

much  smaller  than  both  R^  ani  R  .   For  this  case  the  determinant  is: 

c      e 

These  determinants  may  be  either  positive,  zero,  or  negative  depending 
upon  the  relative  mapnitudes  of  the  resistances.  The  resistance  at  any 
opened  branch  is  directly  proportional  to  the  value  of  the  determinant; 
consequently,  if  the  determinant  is  negative  this  resistance  vrill  be  nega- 
tive.  Now  if  a  tuned  circuit  is  connected  across  this  opened  branch,  the 
negative  resistance  vd.ll  supply  the  losses  and  oscillations  can  result.  If 
at  least  one  of  the  external  resistances  shown  is  considered  as  the  resonant 
impedance  of  a  tuned  circuit  and  if  this  impedance  as  a  function  of  a  com- 
plex frequency  is  included  in  the  determinant,  then  the  real  part  of  the 
roots  of  the  resulting  determinant  w'll  be  directly  proportional^ with  the 
algebraic  sign  reversed,  to  the  value  of  the  determinant  given  in  r^qua- 
tions  2  or  3.  Therefore,  the  circuit  will  be  stable  if  the  applicable  deter- 
minant. Equation  2  or  3,  is  positive;  stable,  sinusoidally  oscillatory  at 
one  frequency  if  the  determinant  is  zero,  and  unstable  oscillatory  if  the 
determinant  is  negative.  The- latter  case  is  the  practical  one  in  oscilla- 
tors for  then  oscillations  can  build  up  until  limited  by  the  non-linearities 
of  the  device. 
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2o  Criterion  for  Oscillation 

For  the  series  feedback  case,  if  the  following  inequality  holds,  the 
determinant.  Equation  2,  will  be  either  negative  or  zero: 


Eq.  k 


There  are  many  ways  in  which  this  inequality  may  be  satisfied.  Conversely, 
an  inappropriate  variation  of  any  one  of  the  parameters  may  upset  the  de- 
sired relationship.  As  an  example,  suppose  that  a  circuit  is  adju-^ted  to 
oscillate,  and  that  the  last  two  terms  or  the  rirht  are  very  small.  One 
typical  variation  in  the  transistor  when  it  heats  is  for  r^  to  decrease. 
It  can  be  seen  that  this  one  char.f^e  can  upset  the  oscillatior.. 

For  the  shunt  feedback  case,  if  the  followinp  inequality  holds,  its 
determinant,  Equation  3,  will  be  either  negative  or  zero: 

Like  the  previous  expression,  this  inequality  can  be  upset  by  a  variation 

of  any  one  of  the  parameters.  It  has  already  been  assumed  that  R^  is  much 

smaller  than  R.  or  R  .  If  it  is  further  assumed  th;^t  R^  is  much  larger 
c     e  c  "^ 

than  r^  and  r^,  is  much  larger  than  r^,  the  expression  simplifies  to  the 

expression  p-iven  in  Equation  ^  .     These  la^t  two  assumptions  are  reasonable 

since  r  in  a  transistor  is  in  the  order  of  hundreds  of  ohms, 
e 

The  two  equations,  U   and  6,  can  now  be  reneralized  into  two  circuits 
which  offer  a  desi^rn  criterior  .   It  must  be  emphasized  that  this  is  only  a 


->£^- 


criterion,  for  the  param  ters  are  all  interrelated  to  p:ive  a  certain  de- 
sired strength  of  inequality  and  type  of  cscillatior  .  These  circuits  are 
shown  in  Fifure  .''. 
3.  Negative  I'esf  stance 

The  application  of  any  rievice  in  a  multivibrator  or  svdtchinc  type 

7 
circi'it  depends  upon  it  displa^drf^  a  ner.ative  resistance  characteristic. 

The  trar.'^istor  >rill  dirplay  such  a  characteristic.   A  retunie  of  the  the- 
oretical characteristics  for  the  tr^inristor  and  the  circuits  to  w}  ich  they 
apply  are  shown  in  ^i(?i..re  k   alon^  vdth  th"  equations  for  the  characteris- 
tic curves.  The  approximate  slopes  of  the  characteristics  in  the  tl'ree  re- 
gions are  shov/n  on  the  curves^-.  Note  that  these  curves  are  achieved  through 
the  use  of  series  feedback  alone.  Let  us  now  consider  the  effects  of  shunt 
feedback  on  the  emitter  characteristic. 

In  the  circuit  of  Fio;ure  2  if  we  open  the  connection  between  the  emit- 
ter and  ground,  assume  a  voltage  E-i  between  emitter  and  ground,  and  let  Rg 
equal  zero  we  can  write  an  expression  for  h-\    in  terms  of  I-i  and  Sp.   This 
again  assumes  E^  equal  to  zero.  The  expression  can  then  be  simplified 
for  the  tl^ree  regions  in  a  manner  similar  to  that  used  by  Anderson.  Thus 

^'         &„         '  B.,        ^ 

The  results  of  the  indicated  alr;ebraic  manipulation,  with  r,  assumed  much 
smaller  than  r  ,  are  shown  in  "igure  5. 

Only  one  aspect  of  the  effects  of  R  on  the  negative  resistance  charac- 
teristic will  be  discussed  theoretically.  Let  us  consider  the  slope  of  the 

*For  a  complete  discussion  of  these  curves  and  their  use  in  circuit  appli- 
cation the  reader  is  referred  to  Anderson's  article,  reference  5. 


lU 


[p^  <  \^t■'  ^€ '  "jj  |_  ??i  >  )?^+ 1; 


i^.<  <i 


Scr-y/eJ         /^t*t^JtOCK 


^■^e>^^ 


f?.<r^ 


y^ 


K  c  >  ^^-  &  r^ 


S  hmnt    ^'fe^Si^c  K 


Oscillator  Desimi  Criterion 


Figure  3 


_Tn_ 


^^  I A 


t«. 


Re 


/Vii-'-r-A.    X 


Xt7      (j^ie-r^^l  : 


-rt  +  »<A  ^-  ^  +  /^c 


X^v  /?c  /  ?^  /     xf/^.^  /  7-Td  i.       cvfWAW  c-  r  "i?*/:'. 'J  r/  c 


i^i  i^ 


Xrz  Gey^era/ : 


•tc  -f  /?,c  ^■y;^/c;.-t7v. 


Figure  U 
-11- 


Gte^s-^/^L     //«■       Re  »  /?i       &•      /?e  * 


^  = 


r, 


'<'c[r-?f  +  T^  t  -y-c  -  v^  Jt  v-^  [f?^  tv^ J 


R'-fcs/oA/    X       ujH£-e^       v^  >^  f?^     fit    v;  >^  /?], 


^b[ef -^^--r^J 


^« 


'^^r^T/o/v      .iii  UjH^f^^  -^   «   (^i    ^       V^   <<•  /?C    J      5c       "^   - 


^^     *^bx,  - 


-r. 


O i- 


^< 


T 


Equations  for  5himt  Jtj'eedbacl:  Negative  Resistance  Characteristic 

Figure  5 


T  n 


curve  in  region  II,  This  slope  is  equal  to  the  amount  of  negative  resis- 
tance which  the  transistor  vdll  present,  and  it  affects  the  transition  time 
between  states  in  a  switching  circuit.  This  resistance,  R^^,   is  equal  to 
the  coefficient  multiplyinp  the  1-^   term  in  the  equation  ap.plicable  to  re- 
gion II  and  is  of  the  form 

A  qualitative  plot  of  Ri^Ab  *^  *  function  of  Rf  is  shown  in  Figure  6. 
From  this  it  can  be  seen  that  as  R^   is  decreased  from  some  high  value  the 
negative  resistance  increases. 

K'hen  using  a  negative  resistance  characteristic  to  design  a  multivi- 
brator or  switching  type  circuit  the  slopes  of  the  cui-ve  in  all  three  re- 
gion* are  important,  for  these  slopes  help  to  determine  the  cycling  time. 
Also  of  importance  ai^  the  values  of  current  and  voltage  at  the  transition 
points  between  the  three  regions.  On  the  emitter  characteristic  the  transi- 
tion between  regions  I  and  II  is  known  as  the  "peak  point"  while  the  transi- 
tion between  regions  II  and  III  is  known  as  the  "valley  point".  These 
points  influence  the  cycling  time,  trigger  sensitivity,  and  output  of  the 
trigger  circuit.  Although  it  may  be  deduced  from  the  equations  given  in 
Figures  h   and  5,  the  effects  of  the  variation  of  a  circuit  parameter  may  be 
more  easily  understood  by  plotting  the  characteristic  for  different  values 
of  the  parameter.  Figure  7  shows  two  such  curves  which  were  determined 
experimentally.  The  first  shows  that  a  variation  in  series  feedback  affects 
both  the  negative  resistance  and  valley  point  on  the  characteristic.  The 
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second  indicates  that  shunt  feedback  affects  both  the  negative  resistance 
and  peak  point.  Therefore,  it  may  be  possible  vfith  the  use  of  both  series 
and  shunt  feedback  to  alter  the  characteristic  for  optinium  performance  in 
a  specific  circuit  application. 

The  design  of  a  transistor  oscillator  or  switching  circuit  requires 
that  rather  stringent  requirements  be  imposed  upon  the  various  external  im- 
pedances. Once  these  .requirements  are  met,  any  variation  in  the  trang.istor 
parameters  will  affect  the  operation  of  the  circuit.  However,  it  should  be 
possible  to  minimize  the  effects  of  transistor  param-ter  variations  by  the 
proper  choice  of  the  external  parameters  and  by  a  selection  of  the  correct 
type  of  feedback. 
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CHAPTER  III 
INVESTIGATIONS  OF  NON-LINEAR  CIRCUITS 

In  this  chapter  several  sinusoidal  oscillators  will  be  presented 
with  the  experimental  results  of  an  investigation  of  one  of  these  cir- 
cuits. Following  this  will  be  a  discussion  of  the  experimental  results 
of  the  operation  of  two  relaxation  oscillators.  The  author's  objectives 
in  conducting  these  experiments  were  to  determine  whether  or  not  inter- 
changeability  of  today's  production  transistors  is  practical  in  simple 
types  of  non-linear  circuits,  to  determine  the  effects  of  the  circuit 
upon  the  transistor,  and  to  obtain  an  indication  of  how  the  effects  of 
a  variation  in  transistor  parameters  may  be  minimized  by  proper  choice 
of  the  external  parameters. 
1.  Sinusoidal  Oscillators 

The  design  criterion  established  in  Chapter  II  shows  that  several 
different  sinusoidal  oscillator  circuits  are  possible.  Many  of  the  cir- 
cuits  presented  here  have  appeared  elsewhere  in  the  literature.'*    As 
might  be  suspected,  it  has  been  found  that  with  an  oscillator  circuit 
adjusted  for  non-distorted  sinusoidal  oscillation  with  one  transistor, 
the  same  circuit  may  produce  no  oscillation  or  produce  a  more  non-linear 
type  oscillation  with  another  transistor. 

Three  of  the  possible  series  feedback  sinusoidal  oscillator  con- 
figurations are  shown  in  Figure  8.  Combinations  of  these  circuits  can 
also  be  used.  The  circuits  shown  in  Figure  8,  (a)  and  (b)  are  very 
critical  of  supply  voltages  since  the  base  resistor  and  r^  govern  the 
bias  on  both  the  collector  and  emitter.  The  frequency  is  also  dependent 
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upon  these  voltages.  The  circuit  of  Figure  8(c)  does  not  suffer  from  the 
bias  difficulties.  However,  its  frequency  is  also  influenced  to  some  ex- 
tent by  the  supply  voltages.  There  are  definite  minimum  requirements  on 
the  Q  of  the  coils  in  all  three  of  these  circuits,  and  the  tank  in  Figure 
8(c)  may  have  to  be  center  tapped  to  match  the  low  impedance  of  the  emit- 
ter. By  using  a  combination  of  these  circuits,  say  one  with  a  parallel 
resonant  circuit  in  the  base  and  a  series  resonant  circuit  in  the  emitter, 
an  oscillator  which  is  less  critical  of  supply  voltages  results. 

Three  of  the  possible  shunt  feedback  oscillators  are  shown  in  Figure  9. 
All  of  these  circuits  are  less  dependent  upon  supply  voltages  since  the 
base  resistance  has  been  minimized.  Again  there  are  definite  requirements 
on  the  Q' s  of  the  resonant  circuits  involved. 

It  is  possible  to  use  any  of  the  circuits  shown  as  crystal  controlled 
oscillators  by  replacing  the  tuned  LC  circuits  with  the  proper  crystal. 
One  such  crystal  controlled  oscillator  has  been  tested  and  is  shown  in 
Figure  10.  This  circuit  produced  oscillations  at  about  lOOKC  with  9  out 
of  10  transistors.  This  interchangeability  was  obtained  by  making  R^ 
relatively  high.  It  operated  as  a  class  C  oscillator  with  the  degree  of 
non-linearity  dependent  upon  the  transistor  used.  Consequently,  the  fre- 
quency changed  with  a  change  in  transistors.  This  frequency  variation  was 
about  three  parts  in  10^  with  the  ten  transistors  tested.  The  frequency 
changed  about  two  parts  in  10''  as  the  collector  voltage  was  varied  between 
70  and  90  volts,  and  it  changed  one  part  in  10^  as  the  emitter  voltage 
was  varied  between  4  and  9  volts.  These  results  indicate  that  the  cir- 
cuit as  shown  cannot  be  used  as  a  precision  oscillator  without  additional 
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means  of  compensation  to  allow  for  the  variation  of  the  transistor' s  para- 
meters. It  is  believed  that  the  inclusion  of  a  parallel  resonant  circuit 
in  place  of  the  15K  would  improve  the  performance. 
2.  Multivibrators 

It  has  been  shown  in  Chapter  II  that  it  is  possible  to  obtain  a  nega- 
tive resistance  characteristic  by  the  use  of  either  series  or  shunt  feed- 
back. Therefore,  as  with  sinusoidal  oscillators,  it  is  possible  to  build 
transistor  multivibrators  using  several  different  circuit  configurations. 

A  basic  series  feedback  multivibrator  is  shown  in  P'igure  11.  With 
the  switch  open  the  circuit  is  monostable,  and  with  the  switch  closed  it 
is  monostable  if  V^^  is  negative  and  astable  if  Vg^  is  positive.  The  opera- 
tion of  these  configurations  have  been  discussed  in  the  literature,  and 
McDuffie  has  derived  theoretical  expressions   for  the  cycling  times  in  the 
astable  configuration.  The  operation  of  this  circuit  is  dependent  upon 
the  emitter  negative  resistance  characteristic  as  discussed  in  connection 
with  Figure  /<.,  and  it  suffers  from  the  same  bias  difficulties  as  previously 
mentioned.  The  cycling  times  for  this  multivibrator  are  very  dependent  upon 
the  slopes,  peak  point,  and  valley  point  of  the  characteristic.  Several 


12  11 
methods  for  compensating^  this  circuit  hive  been  sufr.pested.   '    One  of 

these  places  a  biased  diode  in  the  base  lead.   Another  uses  a  peaking  coil 
in  the  base  lead.  To  obtain  an  indication  of  the  possibilities  of  inter- 
changing transistors  in  this  circuit,  the  frequency  of  operation  of  this 
type  of  circuit  was  measured  usint^  twenty-five  different  transistors.  The 
circuit  and  results  are  shown  in  Fi^re  12.  1.^22  KC  was  the  lowest  fre- 
quency of  operation.  This  curve  is  a  statistical  average  of  the  frequencies. 
Thus,  if  a  frequency  deviation  of  \%   is  allowable  in  a  specific  applica- 
tion of  this  circuit,  only  20^  of  the  present  production  transistors  would 
be  satisfactory.   Some  form  of  compensation  would  undoubtedly  improve  this 
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performance;  however,  it  was  desired  to  test  the  transistor  without  aux- 
iliary compensation. 

The  circuit  shown  in  Figure  12  was  also  operated  as  a  monostable  multi- 
vibrator. The  one  volt  battery  was  replaced  by  a  negative  eight  volts,  and 
the  trigger  sensitivity  measured  with  ten  different  transistors.  Six  of 
these  transistors  produced  an  astable  circuit,  while  with  the  remaining 
four  the  trigger  sensitivity  varied  from  1,8  to  9  volts.  The  lead  con- 
taining the  15K  was  then  opened,  and  the  trigger  sensitivity  again  measured 
using  the  same  ten  transistors.  One  of  the  transistors  did  not  work,  one 
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was  astable,  and  with  the  i^maining  eight  the  sensitivity  varied  from  0.5 
to  15  volts.  Again  compensating  circuits  using  diodes  have  been  suggested, 
but  were  not  tried. 

A  basic  shunt  feedback  multivibrator  is  shown  in  Figure  13(a).  From 
a  qualitative  standpoint  several  things  about  this  circuit  may  be  deduced. 
First,  it  should  be  highly  regenerative  since  during  the  rapid  switch  time 
in  the  active  region  the  condenser  provides  a  virtual  short  circuit.  Hence, 
an  alpha  of  only  slightly  greater  than  unity  is  required.  Secondly,  R^  and 
Kq  may  be  made  as  large  as  desired  without  decreasing  the  negative  resis- 
tance. However,  from  a  consideration  of  the  time  constants,  their  values 
are  limited.  Thirdly,  the  effects  in  region  I  of  the  cutoff  collector 
current,  I  ,  will  be  reduced  since  the  only  voltage  induced  in  the  emit- 
ter circuit  by  this  current  is  due  to  the  internal  base  resistance  of  the 
transistor.  To  an  approximation,  the  circuit  may  be  reduced  to  two 
equivalent  circuits.  Figures  13(b)  and  13(c).  Figure  13(b)  applies  when 
the  transistor  is  cutoff,  and  Figure  13(c)  applies  when  the  transistor  is 
saturated.  Note  that  in  the  equivalent  circuit.  Figure  13(c),  the  con- 
denser is  shorted.  This  would  give  a  zero  time  in  the  saturated  region. 
However,  since  there  is  actually  some  resistance  in  both  the  emitter  and 

collector,  this  time,  as  determined  experimentally  is  in  the  order  of  2 
microseconds.  The  waveforms  are  shown  in  Figure  13(d). 

The  circuit  operation  may  be  described  as  follows:  VHien  the  tran- 
sistor cuts  off,  the  emitter  voltage  drops  to  a  large  negative  value  and 
begins  an  exponential  rise  towards  zero  as  the  condenser  charges  through 
a  combination  of  R  ,  r^,  r^,,  and  R^.  As  this  voltage  nears  zero,  the 
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transistor  moves  into  the  active  region  so  that  a  further  increase  in  the 
emitter  voltaf^e  appears,  amplified,  at  the  collector  and  is  coupled  back 
through  the  condenser  to  the  emitter.  This  regenerative  process  continues 
until  the  collector  becomes  saturated,  and  at  this  time  the  collector 
voltage  drops.  This  drop  in  voltage  is  coupled  back  to  the  emitter,  and 
the  transistor  again  enters  the  regenerative  region.  Thus  both  the  emit- 
ter and  collector  voltages  drop  until  the  emitter  cuts  off.  Vlien  the  emit- 
ter cuts  off,  its  voltage  drops  further  as  the  condenser  begins  to  recharge. 

In  the  cutoff  and  saturated  regions  rj^^  is  approximately  zero.  Also, 
let  us  assTime  that  the  internal  base  resistance  of  the  transistor  is 
neglig'ible.  Then  from  the  circuit  of  Figure  2,  with  R-  replaced  by  a  con- 
denser, the  expression  for  the  voltage  between  the  emitter  terminal  and 
ground,  written  in  terms  of  the  Laplace  transform,  is: 


^e  =     r ^5 ST 7"^  ""  Cge-t-^em^^;      ,^ 


Taking  the  inverse  ^ 

If  the  proper  values  of  transistor  parameters  and  initial  conditions  are 
used,  this  equation  Yd.ll  apply  to  both  the  saturation  and  cutoff  regions. 
However,  since  the  time  in  the  saturated  region  is  very  short,  the  period 
is  determined  primarily  by  the  exponential  decay  when  the  transistor  is 


cutoff.  Only  this  time  vdll  be  considered.  If  the  internal  base  resistance 
is  zero,  then  the  end  of  the  cutoff  region  will  occur  when  the  emitter  volt- 
ape  reaches  zero.  From  Equation  8  the  expression  for  the  decay  time  then 
becomes: 

^  '    I    fl    -^    Re  ^-^«cJ  Eq.  9 


Now  if  Rg  is  much  smaller  than  r  amd  R  is  much  smaller  than  r  the  period 
will  be  determined  primarily  by  the  external  parameters.  Table  II  is  a  sum- 
mary of  the  approximations  involved  in  both  the  cutoff  and  saturation  re- 
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pions.  Since  there  are  wrany  approximations  involved  in  this  analysis  it 
cannot  be  used  for  computing  the  frequency.  However,  it  does  indicate  the 
requirements  imposed  ufx)n  R  and  R  to  make  the  frequency  less  dependent 
upon  the  transistor  parameters. 

The  frequency  and  sensitivity  of  this  type  of  circuit  were  measured 
using  the  same  twenty-five  transistors  as  were  used  in  the  series  feedback 
circuit.  The  experimental,  astable  circuit  and  results  are  shown  in 
Fip:ure  1/+.   (2.118  KC  was  the  lowest  frequency  of  operation.)  Although 


.01  if 

i            1 

'"1 


>    9./  K 

1.; 


1         1 

I-" 
1  ■ 

T 

— .. 

■.__1._ 

; 

■■ :  ■ 

— — i- — 1 — 

-+- 


:--t 


1 

:iiL 


113 


•v- 


.  .  I 


r;  1  -  :  : 
.■.■|,::, 
,  :  I  .'  : 


W 


i: 


-1— - 


.1^;. 


m 


'<'.// fi'  Ale.  i 


i  3-|0 


r:- 


Figure  14  '  | ~ 


4.r 


1  T' 


-26- 


the  emitter  bias  was  not  theoretically  necessary  for  this  circuit  it  was 
included  for  two  reasons.  One  is  that  it  was  necessary  with  some  transis- 
tors to  make  them  astable,  and  the  other  is  that  it  was  desired  to  make 
this  circuit  similar  to  the  one  shown  in  Figure  12.  The  external  collec- 
tor resistance  does  not  satisfy  the  condition  that  R^  be  much  smaller 

than  r  .  However,  this  value  was  necessary  with  the  bias  conditions  for 
c 

proper  operation.  The  statistical  curve  indicates  that,  if  a  frequency 
deviation  of  15/K  is  allowable  in  a  specific  application,  40^  of  the  pre- 
sent production  transistors  would  be  satisfactory.  For  the  trigger  sensi- 
tivity test  the  positive  one  volt  battery  was  replaced  by  a  negative 
eight  volts  and  an  SOO  ohm  resistor  was  added  to  the  base  lead.  The  trig- 
ger pulse  was  applied  across  this  resistor.  With  the  same  ten  transis- 
tors as  were  used  in  the  previous  sensitivity  test  the  trigger  sensitivity 
varied  about  10^. 
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CHAPTER  IV 
THE  VARIATIONS  IN  TRANSISTOR  PARAMETERS 

In  the  previous  chapters  the  variations  in  transistor  parameters 
have  been  mentioned  in  general  terms,  and  some  of  their  effects  upon  the 
operation  of  specific  circuits  have  been  described.  In  this  chapter  we 
shall  examine  some  of  these  variations  a  little  more  closely, 
1.  Small  Signal,  Region  II,  Parameters 

The  small  signal,  Region  II,  parameters,  although  insufficient  to 
completely  define  the  operation  of  a  non-linear  circuit,  are  still  of  prime 
importance.  If  they  are  not  within  specifications,  the  circuit  may  not 
have  enough  regeneration  for  satisfactory  operation, 

Coblenz  and  Owens^  have  investigated  the  variation  of  the  region 
II  parameters  of  the  type  1698  transistor  with  temperature  and  between 
different  transistors.  They  found,  with  20  imits  tested,  that  the  mini- 
mum values  as  given  in  Table  I  were  met  with  ICO^  of  the  units  at  25  C, 
For  many  applications  it  would  be  desirable  to  have  both  maximum  and  mini- 
Mum  tolerances  specified.  As  the  temperature  was  varied  between  25°  and 
55°  C  (the  maximum  rated  ambient  temperature  for  this  transistor)  the 
average  variation  of  the  parameters  were  as  much  as: 

Parameter  Variation 

r^  160  to  170  Ohms 

r^  110  to  150  Ohms 

Tg  21  to  13  Kohms 

r^  52  to  33  Kohms 

Alpha  2,1  to  2,4 

Note  that  r  is  highly  temperature  dependent  and  may  vary  by  a  factor  of 
nearly  two,  while  alpha  is  relatively  constant  over  the  temperature  range. 
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This  variation  in  r^  can  modify  the  inequalities  given  in  Equations  4  and  6, 
and  hence  change  the  mode  of  non-linear  circuit  operation. 

Other  parameters  which  were  measured  by  Coblenz  and  Owens  as  a  function 
of  temperature  were  1^,^  and  V^i*  I^q  is  the  collector  current  under  condi- 
tions of  zero  emitter  current  and  40  volts  collector  potential.  This  cur- 
rent helps  determine  E^  in  the  equivalent  circuit,  Figure  1,  the  value  of 
which  influences  the  position  of  the  peak  point.  It  was  fov.nd  that  I 
varies  about  plus  or  minus  35^  of  its  mean  value  over  the  rated  temperature 
range,  V  ^  is  the  collector  voltage  for  the  transistor  when  in  the  satur^ 
*ted  condition  and  will  influence  the  valley  point.  It  varied  about  plus 
or  minus  10^  over  the  temperature  range.  These  two  factors  are  of  impor- 
tance in  determining  the  mode  of  operation  of  an  oscillator  since  the  non- 
linear limiting  of  an  oscillator  occurs  at  these  points. 
2.  Large  Signal,  Non-Linear,  Parameters  of  New  Transistors 

The  N-type  negative  resistance  characteristic  which  the  emitter  input 
of  a  transistor  will  display  under  proper  conditions  is  useful  in  describ- 
ing the  operation  of  many  non-linear  circuits.  If  this  characteristic  is 
known,  the  operation  of  a  circuit  can  be  completely  described.  Therefore, 
an  investigation  of  the  variation  of  this  characteristic  with  different 
transistors  will  indicate  the  practicability  of  interchanging  transistors 
in  a  circuit  application.    This  characteristic  will  not  define  the  basic 
equivalent  T-network  parameters  explicitly,  and  it  can  be  changed  by  chang- 
ing the  external  parameters.  However,  the  overall  characteristic  is  of 
paramount  interest  to  the  circuit  designer,  and  frcm  it  he  can  obtain  an 
indication  of  the  basic  parameter  variations. 
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The  emitter  input  characteristic  is  not  the  only  non-linear  charac- 
teristic obtainable  from  a  transistor,  for  a  similar  characteristic  will 
be  displayed  between  any  two  terminals  under  the  proper  conditions.  The 
emitter  characteristic  was  chosen  since  it  was  thought  to  be  the  most 
easily  visualized,  and  because  the  same  factors  >*iich  cause  its  variation 
will  cause  similar  variations  in  the  other  characteristics. 

Figure  15  shows  both  the  emitter  and  base  characteristics  for  a  num- 
ber of  new  type  1698  transistors.  The  base  characteristic  is  included  to 
show  that  its  variation  is  not  unlike  that  of  the  emitter.  On  both  charac- 
teristics there  is  a  sharp  transition  between  regions  I  and  II.  The  transi- 
tion between  regions  II  and  III  is  less  well  defined,  and  the  linear  ap- 
proximations are  not  completely  valid.  The  emitter  characteristic  has  b«en 
taken  for  enough  transistors  to  give  a  good  indication  of  the  uniformity 
of  different  transistors.  For  eighty  percent  of  the  units  the  variation 
of  the  resistance  in  each  of  the  three  regions  is  about  plus  or  minus  30% 
of  their  mean  values.  The  voltage  at  which  the  peak  point  occurs  also 
varies  by  about  plus  or  minus  30%,   while  the  voltage  and  current  of  the 
valley  point  each  vary  by  about  plus  or  minus  10^,  These  variations  make 
it  extremely  difficult  to  design  practical  circuits j  furthermore,  they  do 
not  present  the  only  difficulty.  These  parameters  undoubtedly  show  tempera- 
ture variations  similar  to  those  of  the  small  signal  parameters  and  some- 
times show  variations  after  being  used  in  particular  circuit  applications. 
3.  Large  Signal,  Non-Linear,  Parameters  of  Used  Transistors 

A  "forming"  technique  is  used  in  the  production  of  point  contact  tran- 

17 
sistors  in  order  to  achieve  the  desired  small  signal  parameters.    This 

technique  involves  the  application  of  current  pulses  to  the  collector.  The 
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intensity  and  width  of  these  pulses  have  not  become  standard  in  the  industry, 
for  the  physical  process  involved  is  not  completely  understood.  This  fact 
produces  another  difficulty  in  the  design  of  non-linear  circuits,  for  if  the 
pulse  handling  capacities  of  the  transistor  are  exceeded  the  negative  re- 
sistance characteristic  will  change.  These  capacities  were  evidently  ex- 
ceeded in  the  circuits  previously  described,  for  the  charact^-ristic  did 
change . 

Figure  16  is  included  to  show  how  the  emitter  characteristic  changed 
after  the  transistors  had  been  operated  in  the  multivibrator  circuits.  It 
should  be  pointed  out  that  at  no  time  were  the  average  current-voltage  rat- 
ings of  the  transistor  exceeded.  Consequently,  it  is  likely  that  this  varia- 
tion was  caused  by  the  pulse  currents.  Figure  16(a)  shows  how  the  indi- 
vidual characteristics  for  two  transistors  changed,  while  Figure  I6(b  and  c) 
show  that  the  spread  in  the  characteristic  for  a  number  of  different  tran- 
sistors was  greatly  increased  after  usage.  From  an  examination  of  these 

curves  and  a  comparison  with  the  theoretical  curves  shown  in  Figure  A,  a 
qualitative  indication  of  the  variation  in  basic  transistor  parameters  may 
be  obtained.  One  noticeable  variation  is  that  the  voltage  at  which  the  peak 
transition  point  occurs  changes  considerably.  This  indicates  that  the  cut- 
off collector  resistance  has  changed.  Theoretically,  for  the  perfect 
switching  transistor,  the  current  gain,  alpha,  as  a  function  of  emitter  cur- 
rent would  be  a  rectangular  curve;  that  is,  in  region  I  it  would  be  zero, 
then  as  the  emitter  current  is  increased  to  region  II  alpha  would  jiunp  to 
some  finite  value,  and  then  as  the  emitter  current  is  increased  further  alpha 
would  remain  constant  until  region  III  is  reached,  at  which  time  alpha  would 
again  drop  to  zero.  Figure  17  shows  a  qualitative  curve,  drawn  from  an 
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inspection  of  Fif^re  16,  of  alpha  as  a  function  of  emitter  current  for  a  new 
and  used  transistor.  These  curves  show  an  effect  analagous  to  the  cutoff 
characteristic  of  a  vacuum  tube.  In  the  new  condition  it  presents  a  sharp 
owoTr  while  in  the  used  condition  it  indicates  a  remote  m^oT^T ' 

These  variations  require  that  additional  transistor  ratings  be  es- 
tablished. Maximum  pulse  ratings,  within  which  the  transistor  will  main- 
tain a  sharp  cutoff,  are  needed. 

The  used  transistors  whose  characteristics  are  depicted  are  still 
satisfactory  for  use  in  the  multivibrators;  however,  with  their  modified 
characteristics  it  would  be  very  difficult  to  use  them  in  bistable  circuits 
and  to  design  circuits  for  interchangeability  of  transistors. 
U.     Circuit  Optimization  with  Present  Production  Transistors 

As  previously  mentioned,  the  negative  resistance  characteristic  can  be 
altered  by  a  change  in  external  parameters.  Therefore,  it  should  be  possible 


'3k' 


to  select  the  external  parameters  of  a  circuit  in  such  a  way  as  to  minimize 
the  effects  of  transistor  parameter  variations.  One  means  of  such  optimiza- 
tion will  be  described. 

In  a  bistable  circuit  the  separation  of  the  peak  and  valley  points  is 
of  particular  importance,  for  this  separation  detennines  both  the  allowable 
trigger  sensitivity  and  output  pulse.  Let  us  consider  a  means  by  which  the 
external  base  resistance  could  be  optimized  to  produce  a  circuit  which  would 
allow  maximvun  interchangeability  of  transistors.  Figure  18(a)  shows  the 
emitter  characteristic  for  eight  new,  selected  transistors  with  the  external 
base  resistance  as  a  parameter.  Figure  18(b)  shows  the  peak  and  valley 
point  voltages  as  a  function  of  base  resistance.  An  inspection  of  this 
curve  reveals  that  for  a  base  resistance  of  about  lOK  the  voltage  separa- 
tion of  the  peaks  and  valleys  is  the  greatest  while  the  variations  in  peak 
voltage  due  to  different  transistors  is  smaller  than  at  higher  base  resis- 
tance. Furthermore,  the  valley  point  emitter  currents  are  higher  than  at 
the  larger  values  of  base  resistance,  and  the  variations  in  valley  point 
emitter  currents  due  to  different  transistors  are  less  than  at  smsiller  base 
resistance.  This  then  indicates  that,  for  the  circuit  shown,  an  optimized 
vadue  of  base  resistance  of  about  lOK  could  be  chosen  as  a  compromise  be- 
tween reducing  the  effects  of  transistor  parameter  variations  and  rela- 
tively good  trigger  sensitivity  and  output  pulse.  It  should  be  emphasized 
that  this  only  demonstrates  a  method  of  optimization,  for  it  does  not  include 
the  effects  of  new  and  used  transistor  parameter  variations  and  is  for  only 
one  circuit  configuration. 
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CHAPTER  V 


CONCLUSIONS 


The  results  of  this  work  show  that  simple,  experimental  non-linear 
transistor  circuits  are  easily  built.  However,  the  design  of  practical 
circuits  for  application  in  production  equipment  is  indeed  a  difficult,  if 
not  impossible,  task  with  the  present  day  transistor.  It  has  also  been 
shown  that  this  difficulty  is  caused  not  only  by  the  variation  in  the  tran- 
sistor parameters,  but  also  by  a  parameter  variation  which  can  occur  in 
certain  circuit  applications. 

Production  type  sinusoidal  oscillators  are  within  the  realm  of  prac- 
ticability providing  the  stability  requirements  are  not  too  great.  How- 
ever, precision  oscillators  will  require  more  refined  and  complicated 
circuits. 

With  multivibrators  it  is  easy  to  exceed  the  pulse  handling  capacities 
of  the  transistor,  and  thus  modify  the  characteristic.  This  may  or  may  not 
be  a  serious  limitation  in  production  type  circuits,  but  it  does  compli- 
cate the  design.  Definite  pulse  ratings  should  be  established.  The  shunt 
feedback  multivibrator  described  shows  promise  for  use  in  frequency  divider 
type  applications  where  the  width  of  the  output  pulse  is  not  critical.  How^ 
ever,  its  long  time  stability  was  not  investigated. 

The  present  pi*oduction  transistors  can  be  used  only  in  restricted, 
practical  applications.  However,  the  advantages  of  light  weight,  small 
size,  and  low  power  dissipation  make  them  particularly  desirable,  and  in 
demand,  for  switching  applications.  Consequently,  with  this  demand  and  the 
great  amount  of  developmental  activity,  it  is  believed  that  the  transistor 
designer  and  application  engineer  will  ultimately  find  the  answers  to  the 
problems  discussed. 
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